We observed near-Earth asteroid (NEA) 2100 Ra-Shalom over a six-year period, obtaining rotationally resolved spectra in the visible, nearinfrared, thermal-infrared, and radar wavelengths. We find that Ra-Shalom has an effective diameter of D eff = 2.3 ± 0.2 km, rotation period P = 19.793 ± 0.001 h, visual albedo p v = 0.13 ± 0.03, radar albedoσ OC = 0.36 ± 0.10, and polarization ratio μ c = 0.25 ± 0.04. We used our radar observations to generate a three-dimensional shape model which shows several structural features of interest. Based on our thermal observations, Ra-Shalom has a high thermal inertia of ∼10 3 J m −2 s −0.5 K −1 , consistent with a coarse or rocky surface and the inferences of others [Harris, A.W., Davies, J.K., Green, S.F., 1998. Icarus 135, 441-450; Delbo, M., Harris, A.W., Binzel, R.P., Pravec, P., Davies, J.K., 2003. Icarus 166, 116-130]. Our spectral data indicate that Ra-Shalom is a K-class asteroid and we find excellent agreement between our spectra and laboratory spectra of the CV3 meteorite Grosnaja. Our spectra show rotation-dependent variations consistent with global variations in grain size. Our radar observations show rotation-dependent variations in radar albedo consistent with global variations in the thickness of a relatively thin regolith.
Introduction

Background and interest
The Aten Asteroid 2100 Ra-Shalom was discovered in 1978 by E. Helin (Helin et al., 1978) . As one of the earlier near-Earth asteroids (NEAs) discovered, it was included in several opti- (km) 3.4, b 2.5, c 2.4-3.6 g m (mag) 0.41 a Γ (J m −2 s −0.5 K −1 ) 1100, c 2500 h
Notes. H is the absolute visual magnitude, class refers to the taxonomic class, P is the rotation period (synodic for Pravec et al., sidereal for Kaasalainen et al.) , D eff is the effective diameter, m indicates the observed range of the lightcurve amplitude, and Γ is the surface thermal inertia. a Pravec et al. (1998) . b Lebofsky et al. (1979) . c Harris et al. (1998) . d Bus and Binzel (2002b) . e Binzel et al. (2004) . f Kaasalainen et al. (2004) . g Shepard et al. (2000) and references therein. h Delbo et al. (2003) .
cal, thermal-infrared, and radar studies (Lebofsky et al., 1979; McFadden et al., 1984; Ostro et al., 1984; Veeder et al., 1989; Harris et al., 1998; Shepard et al., 2000) . Table 1 summarizes the known physical properties of Ra-Shalom from these and more recent works. Ra-Shalom is an intriguing asteroid for a number of reasons, as follows.
Large Aten
Ra-Shalom is one of the larger members of the Aten family and the largest of that group studied in any detail. It is also one of the more slowly rotating members. Radar observations and lightcurve analysis by Ostro et al. (1984) provided estimates of Ra-Shalom's size and synodic rotation period of ∼3 km and 19.8 h, respectively. The size estimate was consistent with early thermal radiometry (Lebofsky et al., 1979) and more recent estimates Shepard et al., 2000) . Its rotation rate has subsequently been confirmed and refined by Pravec et al. (1998) to 19.797 ± 0.003 h (synodic) and by Kaasalainen et al. (2004) to 19.7998 ± 0.0005 h (sidereal). Shepard et al. (2000) , analyzing radar data acquired in 1984, determined that Ra-Shalom's convex hull has an aspect ratio <1.2 and noted variations in the polarization ratio that suggested variable surface roughness, perhaps caused by large scale surface structures. Kaasalainen et al. (2004) generated a three-dimensional convex shape model from 20 lightcurves obtained over four apparitions and obtained aspect ratios a/b = 1.2 and b/c = 1.3, consistent with the radar results.
Shape and evidence of surface structure
Spectral and classification uncertainty
Early optical work on Ra-Shalom suggested a low visual albedo leading to a C classification (Lebofsky et al., 1979 and references therein). Harris et al. (1998) speculated that RaShalom may be an S-class based upon their moderate visual albedo estimate (p v = 0.13) and details in a ultraviolet/visible (UV/VIS) spectrum acquired by McFadden et al. (1984) . Based upon high-resolution UV/VIS spectral characteristics (excluding albedo), Binzel (2002a, 2002b) classified RaShalom as an Xc-type, a generally featureless red-sloped spectrum with C-class characteristics. The most recent classification by Binzel et al. (2004) , using high-resolution UV/VIS and near-infrared spectra from the small main belt asteroid spectral survey (SMASS and SMASS IR, 0.4-1.5 µm), also placed Ra-Shalom into the C class.
High surface thermal inertia
Early thermal-infrared observations by Lebofsky et al. (1979) with the application of the standard thermal model (STM) gave diameters for Ra-Shalom inconsistent with (i.e. too small for) its C classification and expected low albedo. Additional work and the application of the thermal fast rotating model (FRM) suggested that Ra-Shalom was a member of a small group of NEAs which have a high surface thermal inertia, generally interpreted to mean lacking a surface regolith (Lebofsky et al., 1979; Veeder et al., 1989; Harris et al., 1998) . Recent work by Delbo et al. (2003) suggests that Ra-Shalom may have the highest thermal inertia of any observed NEA (Table 1) .
Detectability of the Yarkovsky effect
2100 Ra-Shalom is the largest of a handful of NEAs which have observations spanning a sufficient period of time to detect the Yarkovsky effect . With additional radar observations, the effect could be detected within the next decade and the mass could be estimated. Our analysis of its size and shape could then be used to estimate its bulk density.
Potential spacecraft target
Ra-Shalom was listed as a potential target for asteroid sample return missions (Sears et al., 2001) . Some advantages for including Ra-Shalom among potential sample return targets include its relatively modest V for spacecraft rendezvous and its relatively slow rotation rate.
Overview of observational campaign
In August and September 2003, we acquired rotationally resolved (a) radar observations from Arecibo Observatory; (b) visible and near-infrared spectra (VIS) from McDonald Observatory; (c) near-infrared (IR) spectra, including 3 µm to look for evidence of hydration, from the Infrared Telescope Facility (IRTF) at Mauna Kea; and (d) thermal-infrared (TIR) spectra from Palomar Observatory. In this analysis, we also make use of rotationally resolved (CW) data acquired at Arecibo in 1984 (Shepard et al., 2000) , CW and delay-Doppler radar imaging of Ra-Shalom acquired at Arecibo in August 2000, and additional NIR observations at the IRTF in August 2006. A summary of all observations is listed in Table 2 . The rationale for this extensive observational campaign was to: (1) characterize the surface properties of Ra-Shalom using complementary wavelengths over a complete rotation and (2) achieve a level of surface characterization available for few NEAs. Using the radar data as a foundation, we generate a three-dimensional shape model and tie all of our spectral observations into an integrated model of surface properties.
In the next section, we briefly review the major equations, models, and conventions used in this investigation. Then we discuss the observations and reduction of optical and infrared spectroscopy, thermal-infrared spectroscopy, and radar observations. Finally, we synthesize all of these observations into a physical model of Ra-Shalom, including size, shape, composition, and rotationally resolved features.
Background models, equations, and conventions
In this section, we summarize the optical, thermal, and radar model parameters, equations, and uncertainty conventions that we use throughout this paper.
Optical models and equations
To place constraints on a target's diameter, we use the relationship between visual albedo (p v ), effective diameter (D eff , in km) and absolute magnitude (H ) derived by Pravec and Harris (2007) :
The effective diameter D eff is the diameter of a sphere with the same projected area as the asteroid.
Thermal models
The standard thermal model (STM) assumes either a nonrotating spherical target or a rotating target with a zero surface thermal inertia (i.e., a thick regolith); in both cases, there is no nightside emission. The model includes an empirical 'beaming parameter,' η, to account for the observed enhancement of sunward emission which is thought to be a function of surface roughness and thermal inertia (Lebofsky et al., 1986) . Using occultation diameters of Ceres and Pallas, Lebofsky et al. (1986) derived an empirical value of η = 0.756 which is assumed to be constant for all main-belt asteroids. Lebofsky et al. (1979) developed the fast rotation model (FRM) because STM visual albedo estimates for several near-Earth asteroids were found to be significantly higher than expected from their spectral classification (see also Veeder et al., 1989) . The FRM differs from the STM in that it assumes rapid rotation and no thermal beaming, or a surface of high thermal inertia (i.e., rocky with no substantial regolith; see Lebofsky and Spencer, 1989) . More recently, the Near Earth Asteroid Thermal Model (NEATM) was developed by Harris (1998) to deal with the higher phase angles commonly observed in the NEA population. The NEATM differs from the STM in that the beaming parameter, η, is allowed to float to enable the model thermal continuum to be matched to that observed (Harris, 1998; Harris and Lagerros, 2002) .
Radar analysis
Our observational, reduction, and analysis techniques are similar to those described by Mitchell et al. (1996) , Ostro et al. (2002) , and Magri et al. (2007a) . Each observing cycle or "run" consisted of transmission of a circularly polarized, 2380 MHz (12.6 cm) signal for the round-trip light travel time to the target, followed by reception of echoes for the same duration in the opposite (OC) and same (SC) senses of polarization as transmitted. We operated in three modes: continuous wave (CW), delay-Doppler imaging (DD), and ranging (RNG, a coarse delay-Doppler imaging specifically used to improve ephemerides). Our reduction of raw echo power spectra included background removal, calibration, and the formation of sums of spectra weighted by signal strength.
The circular polarization ratio, μ c , is defined to be the SC/OC echo power ratio. It is a measure of wavelength-scale near-surface roughness. Smooth surfaces have polarization ratios approaching 0.0, while some extremely rough surfaces have values near unity (Ostro et al., 2002) . The presence of a regolith can increase μ c if multiple sub-surface reflections contribute significantly to the backscattering.
The OC radar albedo,σ OC , of an asteroid is defined to be the ratio of its OC radar cross section (σ OC ) to its cross-sectional area,
σ OC can vary with rotation and aspect. Published asteroid radar albedos vary from a low of 0.039 for the CP-class main-belt Asteroid (MBA) 247 Eukrate (Magri et al., 2007a ) to a maximum of 0.6 for M-class 216 Kleopatra . For a summary of asteroid radar properties, see http://echo.jpl.nasa.gov/ lance/asteroid_radar_properties.html. The instantaneous bandwidth B of a radar echo is related to the radar wavelength λ and the target's size and rotation vector by
where D(φ) is the asteroid's plane-of-sky extent normal to the apparent spin vector at rotation phase φ, P is the apparent (synodic) rotation period, and δ is the sub-radar latitude. With D in km, B in Hz, P in h, and λ of 12.6 cm, Eq. (2) can be rewritten
We estimate the minimum bandwidth and the corresponding lower bound on the maximum pole-on breadth, D max , using Eq. (3). Our experience with other asteroids suggests that a reasonable estimate of the bandwidth can be made from the points where the echo power spectrum first drops to two standard deviations of the background noise (referred to as two-sigma crossing thresholds).
Uncertainties in our estimates of radar cross-section (obtained by integrating the spectra) are ±25% and are based on estimates of systematic uncertainties in pointing and calibration. Because systematic uncertainties are nearly the same for both polarization senses, our uncertainties in polarization ratio (ratio of SC to OC radar cross-section) are dominated by receiver noise. Unless otherwise stated, our quoted uncertainties for random errors are one-standard deviation.
Rotation reference
All of our observations are referenced to the sub-observer longitude and latitude of our radar-derived shape model (Section 3.1) at epoch 22 August 2003 00:00 UT. In this righthanded system, 0 • longitude (lon) is along the major axis of the model (+x-axis), the +y-axis is perpendicular to this and intersects the equator at lon 90 • , and the z-axis is perpendicular to the x-and y-axes and parallel to the spin vector.
Observations and reductions
Optical spectroscopy
Visible spectroscopy
We acquired fifteen narrowband visible spectra (0.47-0.94 µm) of Ra-Shalom on 22, 24, and 25 August 2003 (UT) at the McDonald Observatory 82 telescope using the es2 spectrometer coupled with a TI CCD detector. The data reduction procedures followed those described in Vilas and Smith (1985) . While no clouds were apparent during the observations, humidity varied significantly throughout the nights resulting in incomplete removal of telluric water signatures from some reflectance spectra. Because the asteroid was located in a busy field near the Milky Way, exposures were occasionally paused (the shutter was closed) to avoid contamination when the asteroid passed close to a field star. Coupled with readout times, the total time interval encompassed by the observations comprising one spectrum can be longer than the total exposure time. Our fifteen spectra span rotation phases 46 • -284 • and are shown in Fig. 1 . Observation circumstances are detailed in Table 3 . 
Infrared spectroscopy
We acquired nine infrared (IR) spectra (0.82-2.49 µm) on 2003 August 16 and 18 and an additional eight on 2006 August 13-15 at the 3.0 m NASA Infrared Telescope Facility using the 'SpeX' InSb array (1024 × 1024) spectrograph (Rayner et al., 2003) . Observation circumstances are detailed in Table 4 . Following normal data reduction procedures of flat fielding, sky subtraction, spectrum extraction and wavelength calibration, each spectrum was fit with the ATRAN model for telluric absorption features (Lord, 1992) . Following this, each asteroid spectrum was divided by the atmospheric model at the appropriate airmass and then divided by each solar analog star spectrum, similarly reduced, and normalized at 1.0 µm. We obtained multiple asteroid/star ratios, minimizing chances of spurious measurements. The final spectra, shown in Fig. 2 , are each averages of five contiguous spectra.
3-µm spectra
We acquired one 3-µm spectrum on 2003 August 16 at the IRTF using the SpeX instrument in LXD grating mode (2.9-3.8 µm) (Fig. 3 , Table 4 ). The data were reduced using Spextool, a set of IDL routines provided by the IRTF (Cushing et al., 2004) . These routines include flat-fielding, wavelength calibration, image combination, and spectral extraction. A total of four data frames with an effective integration time of 320 s were combined for the Ra-Shalom spectrum. The solar-type star 16 Cyg B was used as a standard. Each spectrum is normalized to 1.0 at 1 µm and offset by 0.5 from the previous spectrum for clarity. Uncertainties are not shown but are on the order of the scatter seen in the spectra. The number under each spectrum is the sub-observer longitude at the time of acquisition (see Table 4 for dates and times), referenced to our shape model. Fig. 3 . IRTF LXD mode (3 µm) spectra. Models assume the NEATM with η = 1.4. Normalized flux is the sum of the reflected and thermal flux divided by the reflected flux so that a value of 1 is expected at shorter wavelengths where there is little or no thermal component. The asteroid spectrum has been normalized to 1.0 at 2 µm for comparison.
Thermal radiometry and spectroscopy
Five sets of thermal-infrared spectra (8-13.5 µm) of RaShalom were acquired on 2003 August 22-23 at Palomar Observatory using the Spectrocam-10 on the 200 Hale telescope. Observational circumstances are given in Table 5 . Each spectral set is the sum of between two and four successive 160-240 s integrations (Fig. 4) . In addition to low-resolution mode spectra, two camera-mode images of the asteroid were taken, both at 10.3 µm. Spectra were reduced according to the methods described in Lim et al. (2005a Lim et al. ( , 2005b ). Formal uncertainties are comparable to the scatter in the data. The sub-observer longitudes (referenced to our shape model) at which each data set was taken are noted in the legend (see Table 5 for dates and times). Variations in flux are consistent with changes in projected area as viewed from Earth.
Radar observations and astrometry
We observed Ra-Shalom on a total of ten days; 2000 August 24-29, and 2003 August 22-26. Continuous wave observations were obtained on each day for calibration purposes ( Fig. 5) , and delay-Doppler imaging consumed the remaining observation time (Fig. 6) . Table 6 lists the observation circumstances for both data sets. Table 7 summarizes the CW observations and resultant radar properties of Ra-Shalom. The total SNR for optimally weighted and filtered CW data was 137 for the 2000 encounter and 545 for the 2003 encounter. We measured total radar cross-sections of 1.2 ± 0.3 km 2 during the 2000 encounter and 1.5 ± 0.4 km 2 during the 2003 encounter. These are consistent within their 25% absolute calibration uncertainties and with the cross-section of 1.13 ± 0.4 km 2 reported by Shepard et al. (2000) for the 1984 encounter. Circular polarization ratios (SC/OC) were consistent between the later two encounters, 0.24 ± 0.01 (in 2000) and 0.25 ± 0.01 (in 2003) , but are slightly lower than the value 0.31 ± 0.02 reported by Shepard et al. (2000) .
Corrections to Ra-Shalom's ephemeris were made after both the 2000 and 2003 radar encounters. Our final correction to the ephemeris resulted from a precise location of the asteroid center-of-mass (COM) based on our shape model (Section 3.1). 
Analysis, synthesis, and discussion
Size and shape
Size constraints from thermal models
We have two independent sets of thermal-infrared data from which we can estimate visual albedo and size. Using the 8-13 µm thermal data and a thermo-physical model (Emery et al., 1998) , Lim et al. (2005b) derived an estimate of Ra-Shalom's size, D eff = 2.3 ± 0.1 km, beaming parameter, η = 1.2, and placed a lower limit on its thermal inertia (assuming a perfectly smooth surface) of 580 J m −2 s −0.5 K −1 . Our subsequent revision of that work leads to a slightly higher beaming parameter of η = 1.4. If the surface is rough, the thermal inertia increases accordingly. This value is at least an order of magnitude larger than a typical lunar regolith (∼50 J m −2 s −0.5 K −1 ), comparable to values reported by Harris et al. (1998) and Delbo et al. (2003) (Table 1) , and suggests a near-surface (centimeter depth scale) dominated by coarse or coherent rock-either bedrock or boulders larger than a few wavelengths. Using Eq. (1), the absolute magnitude (Table 1 ) and this diameter leads to a visual albedo p v = 0.13.
Our estimate of η is comparable to the value, η = 1.3, computed using our solar phase angle and the mean behavior of NEAs (Delbo et al., 2003) , but slightly lower than values re- ported by Harris et al. (1998) (η = 1.6-1.8) and Delbo et al. (2003) (η = 2.3). However, direct comparisons of η with previous work may not be strictly valid because of differences in viewing aspect, solar phase angle, or surface inhomogeneities.
Next, we fit our 3 µm IRTF data (LXD mode) using the NEATM model. Using η = 1.4, we find that albedos of p v = 0.13 ± 0.02 give the best fits, corresponding to D eff = 2.3 ± 0.2 km, and consistent with the thermal data (Fig. 3) . The consistency between our thermal and 3 µm data leads us to consider D eff = 2.3 ± 0.2 km and p v = 0.13 ± 0.03 as our best estimates. These values agree with previous work by Harris et al. (1998) .
Size, shape, and pole constraints from CW radar data
To (Table 7) . The SNRs for the 1981 and 1984 encounters were considerably lower. For the 1981 encounter we use the 4-8 Hz bounds set by Ostro et al. (1984) , and for the 1984 encounter we use the 3.7 ± 0.3 Hz bandwidth of the best fit convex hull (Shepard et al., 2000) . Ra-Shalom's total movement across the sky was small during each encounter (∼10 • total), so we assume the position in the middle of the encounter for our analyses. For a given D max , we can calculate the expected bandwidth (BW) for every possible pole and compare this to our measured values. Fig. 7 shows a contour plot of χ 2 residuals for D max of 2.9 km. The asterisks show the sky position of Ra-Shalom at the center of each encounter. The pole reported by Kaasalainen et al. (2004) , derived from an inversion Notes. Receive time indicates the beginning of first and last reception; number of runs refers to number of transmit and receive cycles; mode indicates continuous wave (CW) or delay-Doppler (DD); resolution gives the frequency and delay resolution. In all cases, the delay resolution refers to the baud rate, while the sampling rate was half of this. For example, a 2 µs baud (300 m resolution) was sampled at 1 µs, giving an effective delay-depth resolution of 150 m. Notes. SNR is the total signal-to-noise for the CW observations on that date; Lon is the sub-radar longitude of Ra-Shalom at the midpoint of the daily CW observations, referenced to epoch 22-Aug-2003 00:00:00 UT; BW is the 2-standard-deviations-of-noise crossing threshold and the uncertainties are based on the 1-and 3-stdevs crossing threshold. σ oc is the OC radar crosssection and μ c is the polarization ratio.
of lightcurves, is shown as a 'P' within a circle and is consistent with our constraints. If we require the existence of at least one pole with χ 2 1.0, our joint constraints on bandwidth require D max to be 2.9 ± 0.2 km. Using the maximum-to-minimum bandwidth ratio measured during each encounter, we estimate the aspect ratio of Ra-Shalom to be 1.4 (2000 encounter) and 1.2 (2003 en- counter). These compare favorably with the estimate of 1.2 by Shepard et al. (2000) , the relatively low lightcurve amplitude of 0.4 mag (Pravec et al., 1998) , and the shape model of Kaasalainen et al. (2004) .
Size, shape, and rotation state from radar images
We used the shape modeling method of Hudson (1993) to generate a three-dimensional (3D) shape model from all of the imaging and CW data available. Details of the inversion algorithm and process are given by Ostro et al. (2005) and Magri et al. (2007b) . Because we are dealing with data spanning nearly two decades, the rotation period becomes a critical parameter to refine. We did this by locating common features on radar images from the 2000 and 2003 encounters (Fig. 8) . These images appear to be at approximately the same sub-radar longitude, so there must have been an integer number of revolutions in the time interval between these observations (assuming no sky motion-an approximation which is refined with the shape modeling). A brief analysis showed two possible periods, 19.792 and 19.807 h, which bracket the published values by Pravec et al. (1998) and Kaasalainen et al. (2004) . Of these two periods, the former is lower than the values reported by Pravec et al. (1998) and Kaasalainen et al. (2004) , while the latter is similar to an alternate value reported by Kaasalainen et al. (2004) . The period favored by Kaasalainen et al. (2004) (19.7998 h) forces our images to be a half-rotation out of phase and is excluded.
In our initial shape modeling efforts, we attempted to use both the radar data and lightcurves from encounters in 1997, 2000, and 2003 . We found it difficult to fit both data sets satisfactorily; either the model radar images corresponded closely to the observed images but the lightcurves were badly fit, or the lightcurves were well fit but the model radar images were a poor match to those observed. As we discuss below (Section 3.2), we believe there is evidence for rotational variations in RaShalom's albedo which may affect lightcurves and contribute to this difficulty. For this reason, we excluded lightcurves from our shape analysis.
We ran hundreds of simulations using a variety of size, shape, and pole states to locate the model with the lowest χ 2 residual. Our best model is shown in Figs. 9-12 and detailed in Fig. 7 . Spin pole constraints on 2100 Ra-Shalom based on observed bandwidths for four radar encounters and an assumed D max of 2.9 km. Positions during the center of each encounter are shown as asterisks. χ 2 contours show regions most likely to contain the spin pole. The circled "P" shows the pole of Kaasalainen et al. (2004) which is within 3 • of our model pole. Table 9 . Our model has 1148 surface elements, each with an average area of (90 m) 2 , a good match to our imaging resolution of 75 to 150 m per pixel. The model is volumetrically equivalent to an ellipsoid of dimensions 2.8 × 2.4 × 1.8 km and has an effective diameter of 2.3 ± 0.2 km, consistent with our infrared data and analysis and previous size estimates (Table 1) . The surface area of our model is 17.5 km 2 , which is only 7% larger than the surface area of an equivalent sphere, indicating relatively smooth topography at the hectometer scale. Fig. 13 shows our shape model to be consistent with the hull of Ra-Shalom previously reported (Shepard et al., 2000) . Our estimate of its sidereal rotational period is 19.793 ± 0.001 h. To tie our shape model to IRTF observations in 2006, we attempted but failed to obtain either radar observations or a lightcurve in that year. However, the precision of our estimated rotational period results in longitude uncertainties of only ±15 • in the three years between the epoch of our shape model and observations in 2006.
Because there is only ∼75 • total sky motion between all encounters, we are unable to constrain the pole beyond that shown in Fig. 7 . Our best solutions have ecliptic longitudes λ = 75 • ± 10 • , consistent with the pole reported by Kaasalainen et al. (2004) . Our constraints on ecliptic latitude are less rigorous. The solution shown and adopted has β = 16 • , also consistent with Kaasalainen et al. (2004) , but we found equally good shape models with latitudes up to β = 60 • . We were unable to rule out retrograde rotation (mirror solutions of that given) or the alternate period of 19.808 h. For purposes of modeling and discussion, we adopted the best model with a pole consistent with Kaasalainen et al. (2004) . Our results do not significantly change if we adopt models using the other poles or rotational period.
Shape modeling involves many subjective decisions and we tried to strike a compromise between excluding features in the images that were real (penalty weights too large) and including spurious shape features caused by image noise (penalty weights too small). In this particular case, there are several obvious structural features apparent in our images and model (Fig. 11) . Foremost is the large protrusion at lon ∼0 • . While the two ends (0 • and 180 • ) are similar, the 0 • end is more pointed and has a definite structural feature evident in the images while the 180 • end is more rounded. There is also evidence of several depressions, the most obvious at 275 • near the southern pole.
There are two shape model features that are intriguing, but difficult to confirm by visual inspection of the individual images and we cannot rule out a spurious cause. The first of these are north/south running linear ridges near the protrusion (located near lon ∼30 • and best observed in the lon 90 • view of Fig. 11 ). These are reminiscent of structural features observed on 433 Eros (Prockter et al., 2002) . The second feature is the pointed knob near the north pole (best observed in the lon 270 • view of Fig. 11 at the top, right center). This may be a structure near the resolution limit of our images (∼100 m), perhaps similar to the large boulders and knobs seen on Itokawa (Fujiwara et al., 2006) .
Composition
Albedo
Given our best estimate of its size (D eff = 2.3 ± 0.2) and estimated absolute magnitude (16.07 ± 0.08), Ra-Shalom's visual albedo is 0.13 ± 0.03. This value is brighter than the traditional C-class albedo ( 0.10) and consistent with the lower end of the S-class. Lim et al. (2005b) removed the blackbody continuum from the thermal spectra in Fig. 4 and found no evidence of emission bands at the 5% level.
Thermal infrared spectra
Composite spectra
VIS and IR spectra from 2003 were combined where rotation phases were within a few degrees of one another (Fig. 14) . Significant rotational variations are evident. Unfortunately, RaShalom was in the Milky Way during all our observations in 2003 making it difficult to rule out background sources. Our observations in August 2006 at the IRTF were designed to check this variability (Fig. 15) . Those observations confirm the spectral variability, and despite different sub-observer latitudes (−5 • versus +20 • ), solar phase angles (45 • versus 72 • ), and uncertainty in the sub-observer longitude in 2006 (±15 • ), there is considerable, though not complete agreement at equivalent longitudes.
We conducted two checks on the fidelity of our spectra. First, we compared the sum of our 2003 and 2006 IR spectra (Fig. 16) . The two data sets are in agreement except for an upturn in the 2006 data after 2.3 µm; this may be a thermal feature because Ra-Shalom was closer to the Sun in 2006 than 2003 ( Table 2) . As a second check, we used our shape model to compute the sub-observer longitude for the dates and times of the SMASS (13 September 1997 09:12 UT, lon ∼204 • ) and SMASS IR (30 September 1997 11:30 UT, lon ∼310 • ) spectra (Binzel et al., 2004; Binzel, personal communication) and compared those with our spectra closest in aspect. As is evident in Fig. 17 , our results closely correspond to the SMASS results where they overlap, supporting both the rotation period and fidelity of our spectra.
Three spectral 'themes' are evident in our IRTF observations. The first is a flat spectrum, similar to those observed in C-class asteroids with evidence of broad and shallow 1 µm and/or 2 µm absorption features. The second is a negative or blue slope that was also observed in the SMASSIR survey (Fig. 17) . The third is a spectrum with a red-slope up to 1.3 µm and flat thereafter. The relatively coarse sampling in rotation phase and whole disk spectra makes it difficult to positively associate any spectral type with the structural features evident in our shape model. However, there do appear to be correlations of the IR blue-slope with high radar albedos. We discuss this further in Section 3.5.
Spectral class and meteorite analog (CV3)
To compare our spectra with those of meteorites, we averaged all of our normalized spectra (Fig. 18) , including the 2003 and 2006 IR observations. Our composite spectrum is most similar to laboratory spectra of CV3 meteorites. In particular, we find an excellent agreement with the CV3 Grosnaja (Johnson and Fanale, 1973; Gaffey, 1976) , especially in the infrared. 1 This meteorite is primarily olivine with accessory pyroxene and a carbon coating on the grain surfaces, lowering its overall albedo (Gaffey, personal communication) . Given the purported link between K-class asteroids (Eos-like) and CV3/CO3 meteorites (Bell, 1988; Burbine et al., 2001 ), this suggests RaShalom would be more accurately classified as a K-type. This is consistent with our estimate of Ra-Shalom's visual albedo (p v = 0.13); K-class asteroids have a mean visual albedo of 0.15 ± 0.05 (based on all 25 K-class asteroids currently in the JPL Horizons database, http://ssd.jpl.nasa.gov/horizons.cgi).
Our single 3-µm IRTF spectrum (Fig. 3) does not show evidence of a water-of-hydration band depth greater than roughly 20% (or about one standard deviation of noise). This is consistent with our interpretation of a CV3 composition as these 1 We noted some inconsistencies between the laboratory measurements of Grosnaja samples published by Johnson and Fanale (1973) and Gaffey (1976) . Both groups independently measured the same samples, but the published spectra show different slopes in the IR and the two larger size separates display different shapes in the VIS. We are unsure of the reasons for this and have therefore used both sets in our analysis and note which were used in the captions. Most of our spectra do not have an IR blue slope. Those that do are very similar to the lab spectra of the larger grain size fractions (Fig. 19) . The 'bluing' of the spectrum with increasing grain size is common with CO3/CV3 meteorites (Johnson and Fanale, 1973; Gaffey, personal communication) . Additionally, the albedo of the fine-grain laboratory sample is ∼10-12% while that of the coarse fractions are ∼5% (Johnson and Fanale, 1973) . The agreement of our average spectrum with the finegrained Grosnaja spectrum indicates that fines are prevalent over most of the surface.
It is difficult to associate specific regions with particular spectra because of the whole disc nature of our observations. However, for low to moderate solar phase angles (<45 • ) the regions most likely to dominate the spectra are those within a few tens of degrees of the sub-observer point. This is the case for the 2003 observations where solar phase angles were ∼40 • . Table 9 . Axes and longitudes (in parentheses) refer to axis pointing toward viewer.
For higher phase angles, like those in 2006 (solar phase angles of 72 • ) the most important regions are those from the sub-observer longitude up to the sub-solar longitude, or approximately one "solar phase angle" (Sun-asteroid-Earth) away from the sub-observer longitude. For an observation centered on lon 0 • , the spectra could be dominated by terrain from anywhere between lon 0 • and 72 • ; this wide-range makes it difficult to narrow down the part(s) of the surface contributing the most to each spectrum.
Radar constraints on the near-surface
The OC radar cross-section (obtained from the calibrated CW data) varies with longitude. For most asteroids, this type of variation is due to shape-larger projected areas at the time of an observation give rise to higher radar cross-sections. To remove this effect, we normalized the radar cross-section to the projected area of our shape model at the times of the observations (Fig. 20) and plotted the normalized radar albedo with the projected area. We find that variations in the asteroid shape and projected area are not sufficient to explain the observed changes in radar cross-section. The region centered on lon 270 • shows a very high radar albedo of ∼0.45, a value typically associated only with M-asteroids. A similarly high radar albedo is observed at lon ∼30 • , coinciding with a low projected area. Lower radar albedos, although still quite high, of ∼0.34 are observed near the respective ends (lon 0 • and 180 • ). The 2000 radar albedo data show a similar trend but are systematically offset by −0.05 from the 2003 data and are within our absolute uncertainties.
Are these radar albedos consistent with our spectral and thermal data? Although fraught with uncertainties, there are models purporting to estimate near-surface bulk density or porosity given a radar albedo, polarization ratio, and grain density. Magri et al. (2001) derive two such models; one using 433 Eros as a calibration standard (calibrated model) and the other based on radar scattering models (uncalibrated model). Assuming a grain density of 3.5 g cm −3 (mean for CO/CV chondrites; Britt and Consolmagno, 2003) , both models predict near-surface porosities of 25 ± 15%. This is considerably lower than found on the Moon (40-60%; Carrier et al., 1991) and is consistent with bare rock.
The polarization ratio is sensitive to the roughness of the surface within a few wavelengths depth. Variations in μ c are therefore indicative of changes in regolith thickness, porosity, particle size distribution, and/or surface roughness at one or more interfaces. Ra-Shalom's mean polarization ratio is 0.25 ± 0.01 (Table 7) , considerably lower than the mean of 0.35 ± 0.24 for NEAs (L.A.M. Benner et al., in preparation) , and is consistent with a thin or regolith-free surface. With one exception, we observe only small variations in polarization ratio with rotation longitude, suggesting the near-surface (within ∼10-40 cm) roughness is approximately homogeneous. The exception is in observations acquired at sub-radar lon ∼130 • , lat −23 • in the 2000 data. There are no obvious features in the shape model at this longitude (Fig. 11 ), but we note that this region also has a relatively low radar albedo (Fig. 20) .
Surface environment of Ra-Shalom
Given Ra-Shalom's shape, size, and rotation state, it becomes possible to evaluate the dynamical environment on the surface of the asteroid (Scheeres et al., 1996) . Based on spectral type, we assume a grain density of 3.5 g cm −3 (Britt et al., 2002; Britt and Consolmagno, 2003) . Britt et al. (2002) report an average macroporosity of 30% for known C-class asteroids, consistent with our previous estimate of Ra-Shalom's surface bulk density (25% ± 15%, Section 3.3). Assuming this value for Ra- Notes. D eff is the diameter of a sphere with the model's volume; DEEVE is dimensions of the dynamically equivalent equal-volume ellipsoid, a homogeneous ellipsoid having the same moment-of-inertia ratios and volume as model. Fig. 13 . Shape model as viewed from above compared with five hull models generated from 1984 CW data (Shepard et al., 2000) . The shape view is centered on (lon, lat) (180 • , +64 • ) to simulate the hull aspect of the 1984 encounter. The hull has been rotated to coincide with the correct rotational phase before superimposing on the shape model.
Shalom leads to a bulk density estimate of 2.4 ± 0.6 g cm −3 and escape speeds at the surface of 1.16 to 1.55 m s −1 . Over the surface of Ra-Shalom, the local acceleration ranges from 0.654 to 0.776 mm s −2 . As it rotates about its maximum moment of inertia axis, particles on the surface will feel an additional centrifugal acceleration that will only range up to 1.2 × 10 −2 mm s −2 , about 2% of its weak gravitational attraction. Thus, unlike asteroids with more rapid spin rates, the surface dynamics on Ra-Shalom are dominated by gravity alone.
Gravitational slopes average 13 degrees over the surface. We computed distributions of surface slopes and found them to exceed 10 • over 66% of the surface, 15 • over 36% of the surface, and 30 • over only 2% of the surface. The largest slopes are about 40 • and occur on the more prominent outcroppings of the asteroid. Slopes at this value are at the large end of the distribution for the angle of repose for unconsolidated piles of particles. Therefore it is possible that those regions are relatively regolith-free, with some exposure of bedrock. If regolith is free to migrate, it will tend towards the rotation poles of the body, as they are the potential lows for Ra-Shalom given its relatively slow rotation rate (Guibout and Scheeres, 2003) .
Synthesis
How can these observations from a variety of wavelengths be combined and interpreted? To aid the visualization, we have superposed the longitudes corresponding to our work and previous thermal observations Delbo et al., 2003) and IR spectra onto Fig. 20 . We categorized our IR spec- tra into three groups for comparative purposes: flat, blue, and red up to 1.3 µm and flat thereafter. The data points indicate the sub-observer longitude and our estimated uncertainties for (Gaffey, 1976) . Telescopic visible spectrum is normalized to 1.0 at 0.55 µm; NIR and laboratory spectrum are adjusted vertically to fit. ) showing a blue slope compared with three different size separates of Grosnaja (bold). All spectra are normalized to a reflectance of 1.0 at 1 µm. The fine-grain spectrum is from Gaffey (1976) and the coarse-grained spectra are from Johnson and Fanale (1973) . ( (Fig. 14) with laboratory spectrum of coarse-grain Grosnaja (Johnson and Fanale, 1973) . Spectra are normalized to 1.0 at 1 µm. are one-sided and extend to the sub-solar longitude to include those areas with the highest levels of solar illumination. The arrows and lines at the bottom show the sub-observer longitudes corresponding to the dates and times at which our and previous thermal-infrared data were acquired. We have placed the approximate thermal inertias of each study under the appropriate line (>1100, Harris et al., 1998; 2500 , Delbo et al., 2003 >580, this work and Lim et al., 2005b) . most visibly illuminated regions and, to a first approximation, contribute the most to the observed spectra as discussed earlier (Section 3.2). We also calculate and plot the sub-observer longitudes for our own and for the previous thermal IR data sets.
Comparisons between the 2003 and 2006 rotationally resolved spectra do not show complete agreement. Spectra from both encounters (as well as previous encounters) show similar patterns (e.g., flat, blue, red to flat), suggesting the variations are real. However, we only see agreement at longitudes near 340 • where both encounters exhibit blue spectra. The inconsistencies at other sub-observer longitudes may be due to uncertainties in rotation period (although this should be small) and the different solar phase angles and sub-observer latitudes which, with the additional complication of topography, would emphasize different areas of Ra-Shalom (Figs. 14 and 15) .
Given all of our data, the most reasonable interpretation is that Ra-Shalom's near-surface is composed largely of bare or very coarse rock. A thin layer (few cm or less) of powdered regolith over large fragments (meter-scale) of rock would satisfy the spectral data, the high thermal inertia, and the high radar albedo. Variations in the exposed grain size, which may include sizes ranging from coarse sands to bare rock, can explain much of the spectral variation. The rotational variations in the radar albedo are consistent with regolith that is thicker near the 180 • end and thin, coarse, or absent everywhere else, but especially near lons 30 • and 270 • . The high radar albedo near lon ∼30 • is likely associated with either the 'knob' or the possible linear features at this end, suggesting a coherent structural feature; there is no obvious structural feature at lon 270 • . The blue IR spectra on both dates tend to cluster near the 0 • end, consistent with regolith that is coarse or absent, and are possibly related to the structural knob or linear features.
A good analogy for the surface texture of Ra-Shalom may be 25143 Itokawa. Recent spacecraft images show large structural elements, boulder fields, and contrasting regions of fines (Fujiwara et al., 2006) . Its circular polarization, μ c = 0.26 ± 0.04, is the same as Ra-Shalom's and it is notable for having a relatively high thermal inertia, estimated to be 10 2 -10 3 J m −2 s −0.5 K −1 , comparable to our and other estimates for Ra-Shalom (Yano et al., 2006) .
Future opportunities
Ra-Shalom's next radar encounters occur in August 2009 and September 2013 at modest SNRs of 50/day and 70/day, respectively. Better radar encounters occur in 2016, 2019, 2022, and 2025 when SNRs are 200/day, 500/day, 750/day, and 800/day, respectively. The 2013 and 2016 encounters should be at high sub-radar latitudes and thus well placed for further constraining the pole. The next encounter suitable for spectral measurement at the IRTF (magnitude <15.5) does not occur until October 2016 when Ra-Shalom will be relatively bright (magnitude 14.0) and will present an equatorial aspect suitable for observing rotational variations.
